We realize tunable coupling between two superconducting transmission line resonators. The coupling is mediated by a non-hysteretic rf SQUID acting as a flux-tunable mutual inductance between the resonators. From the mode distance observed in spectroscopy experiments, we derive a coupling strength g/2π ranging between −320 MHz and 37 MHz. In the case of g ≈ 0 the microwave power cross transmission between the two resonators can be reduced by almost four orders of magnitude compared to the case where the coupling is switched on. In addition, we observe parametric amplification by applying a suitable additional drive tone.
I. INTRODUCTION
In circuit quantum electrodynamics, the controllable interaction of circuit elements is a highly desirable resource for quantum computation and quantum simulation experiments. The most common method is a static capacitive or inductive coupling between cavities and/or qubits. In such a system, photon exchange can be controlled by either tuning the circuit elements in and out of resonance or using sideband transitions. [1] [2] [3] While this approach has proven to be useful for few coupled circuit elements, it seems impracticable for larger systems, where it is hard to provide sufficient detunings between all circuit elements. 4 Therefore, one may alternatively use tunable coupling elements such as qubits [5] [6] [7] [8] [9] or SQUIDs. [10] [11] [12] [13] [14] [15] One particular example for an interesting application of such actively coupled circuit elements are quantum simulations of bosonic many-body Hamiltonians. [16] [17] [18] [19] In such a scenario, the bosonic degrees of freedom can be represented by networks of (possibly nonlinear) superconducting resonators. For this quantum simulator, a tunable coupler would constitute an important control knob. A more general scope of this device is the controllable routing of photonic states on a chip, which is interesting for quantum information as well as quantum simulation experiments. In this work, we experimentally investigate the case of two nearly frequency-degenerate superconducting transmission line resonators coupled by an rf SQUID in the spirit of Refs. [20 and 21] . The rf SQUID, a superconducting loop intersected by a single Josephson junction, acts as a flux-tunable mutual inductance, mediating a flux tunable coupling between the two resonators. Tuning the rf SQUID by an external flux, we can vary the coupling strength between −320 MHz and 37 MHz and observe the corresponding coupled modes in our system. Furthermore, we find that the coupling can be suppressed by approximately four orders of magnitude and, therefore, efficiently be switched off. Finally, the flux-tunable inductance provided by the rf SQUID gives access to parametric amplification with gains of up to 20 dB. Our results are particularly relevant for the realization of scalable arrays of superconducting resonators for quantum information processing and quantum simulation applications. In this context, we emphasize that the rf SQUID coupler requires only a single Josephson junction and a single control field per coupler.
II. SYSTEM HAMILTONIAN
An optical micrograph of the sample is shown in Fig. 1(a) . Our system is comprised of an rf SQUID galvanically coupled to the center conductor of two coplanar stripline resonators. These resonators, A and B, can be described as quantum harmonic oscillators using the Hamiltonian
Here, ω A and ω B are the resonance frequencies and a † , b † , a, and b are the bosonic creation and annihilation operators. The effect of the rf SQUID on the system properties can be modeled in terms of an effective inductance.
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The fluxes Φ A and Φ B generated by the resonators in the rf SQUID give rise to an inductive interaction en- the SQUID loop gives rise to a circulating current
where Φ 0 is the flux quantum. Here, Φ is the sum of the externally applied flux Φ ext and the flux generated by I s ,
Since, in the experiment, the screening parameter β = 2πL s I c /Φ 0 < 1, the dependence of the total flux on the external flux is single-valued. From Eq. (2) and Eq. (3), an expression for the effective SQUID inductance is obtained,
With this result, we obtain the inductive contribution to the system Hamiltonian,
. (5) Calculating the injected fluxes in Eq. (5) as described in Ref. 25 , two essential properties of the system become obvious. First, the Φ 2 A,B -terms in Eq. (5) lead to dressed resonator frequencies
where L A,B is the inductance of the resonators and L c the inductance of the segment shared between resonator and rf SQUID. The second effect of Eq. (5), caused by term ∝ Φ A Φ B , is a flux dependent coupling
between the resonators. Due to their vicinity on the chip, there is a also flux independent direct inductive coupling component g 0 between the resonators. Thus the total coupling reads
Equation (4) shows that g AB (Φ) can be positive or negative depending on the applied flux. By applying a suitable flux, the rf SQUID mediated coupling compensates the direct inductive coupling. In this way one can turn on and off the net coupling between the resonators. After a rotating wave approximation the full Hamiltonian reads
The eigenvalues of Eq. (9) correspond to the new eigenfrequencies
III. SAMPLE AND MEASUREMENT SETUP Figure 1 (a) shows the layout of the sample chip. In the resonator design, we omit the second groundplane to reduce the direct geometric coupling between the two resonators. The rf SQUID is galvanically connected to both center strips of the resonators over a length of 200 µm. The sample is fabricated as follows. First, a 100 nm thick niobium layer is sputter deposited onto a 250 µm thick, thermally oxidized silicon wafer. trilayer process. The resonators have a characteristic impedance of Z 0 = 64 Ω and the resonance frequencies ω A /2π = 6.461 GHz and ω B /2π = 6.482 GHz. The SQUID loop has dimensions of 200 µm × 100 µm and a screening parameter β = 0.934 to maximize the coupling according to Eq. (4) while keeping the SQUID monostable. The sample is mounted inside a gold plated copper box, which is attached to the base temperature stage of a dilution refrigerator operating at 26 mK. A superconducting solenoid attached to the top of the sample box is used to generate the external flux applied to the rf SQUID. As depicted in Fig. 1(b) , one port of each resonator is connected to an attenuated input microwave line, whereas the remaining ports are connected to output lines containing microwave amplifiers.
IV. RESONATOR SPECTROSCOPY
We first extract the properties of the rf SQUID coupler from transmission measurements through the individual resonators. As indicated in Fig. 1 , we call this type of measurement a "through-measurement". In contrast, in the "cross-measurements" we inject a signal into one of the resonators and probe the output of the other one. In these measurements, the applied microwave power corresponds to an average photon number of about one in the resonators. In Fig. 2(a) and Fig. 2(b) , the through measurements of resonator A and B are shown depending on the applied flux Φ ext . According to Eq. (4) and Eq. (5), the modulation of the resonator modes due to the presence of the rf SQUID is Φ 0 -periodic and symmetric with respect to Φ ext = Φ 0 /2. The two modes of Eq. (10) manifest themselves as two resonances in the spectroscopy data. As expected, we observe a flux dependent mode distance, caused by the flux tunable mutual inductance of the rf SQUID. For most flux values, one observes two resonance peaks independent of the chosen input and output port. However near Φ ext = 0.468 Φ 0 and Φ ext = 0.532 Φ 0 , only a single peak is present in the through measurements and cross transmission is strongly suppressed (see Fig. 3 ). These are the points where the SQUID-mediated coupling compensates the direct inductive coupling resulting in a vanishing total coupling and, hence, completely decoupled resonators. Note that for g(Φ) = 0, the Hamiltonian of Eq. (9) becomes diagonal and each of the two modes reflects the excitation of one of the resonators. In Fig. 2(c) , the center frequencies of the normal modes Ω 1,2 derived from the data in Fig. 2 tion, we find a minimum distance on the order of 20 MHz between these modes. This finite gap is caused by a small detuning ∆ = ω A − ω B = 2π × 21.3 MHz of the resonators. We also observe different decay rates of the resonators, which we extract from the through measurements of both resonators at a decoupling point. Lorentzian fits lead to γ A /2π = 3.6 MHz and γ B /2π = 6.1 MHz. The fact that resonator A has smaller width at half maximum and a and a slightly higher eigenfrequency than resonator B, indicates a smaller effective coupling capacitance, 26 which we attribute to fabrication or sample contacting imperfections. Therefore, we assume L A /L B ≈ 1. Furthermore, we define the fitting parameter
In this way, the rf SQUID coupling reads g AB = g 0 β cos (2π
Fitting the data, we obtain g 0 /2π = 29.0 MHz and g 0 /2π = 20.4 MHz. From the mode distance we find g(Φ)/2π ranging between 37 MHz and −320 MHz. Beyond this value, the lower mode becomes too broad due to its steep flux dependence. Next, we analyze the properties of our device in the coupled and decoupled state in more detail. Because of the small detuning of the resonators, the coupled modes are not necessarily symmetric and antisymmetric superpositions of the uncoupled modes. This is also seen in the spectroscopy of the single resonators (see Fig. 2 ), where the modes have different intensities. The mode mixing can be estimated from the eigenvectors of the Hamiltonian in Eq. (9) . For g/2π = 37 MHz and g/2π = −320 MHz we obtain the mixing ratios 63:37 and 52:48, respectively. Hence, in the latter case, our sample satisfies the condition |g| |∆|, where the detuning becomes insignificant. In the decoupled case near Φ ext = 0.468 Φ 0 and Φ ext = 0.532 Φ 0 , the off-diagonal elements in the Hamiltonian of Eq. (9) vanish and the modes are pure excitations of resonator A or B. In this situation, it is particularly instructive to examine the cross-transmission spectra such as the one shown in Fig. 3 , where resonator A is driven and resonator B is probed. Here, we clearly see that in two narrow regions around Φ ext = 0.468Φ 0 and Φ ext = 0.532Φ 0 , where the net coupling g(Φ) approaches zero, the microwave transmission between the resonators is blocked. We gain further insight by comparing the through-and crosstransmission spectra in Fig. 4(a) and Fig. 4(b) . For Fig. 4(a) ], both measurements exhibit similar peak heights. Since both measurements use the same output line, we relate the small difference of approximately 1.5 dB mainly to the slightly different losses in the input lines. For g(Φ) ≈ 0, however, the cross-transmission is suppressed by 40 dB on resonance as shown in Fig. 4(b) , corresponding to a relative transmission change of 38.5 dB. This result confirms that we can sufficiently compensate the direct inductive coupling with the tunable SQUID-mediated coupling. Finally, in Fig. 4(c) we show the transmission for a flux value, where g(Φ) and ∆ are comparable. In the through measurement, the detuning manifests itself in the form of unequal peak heights and an anti-resonance dip, which is not centered between the resonance peaks.
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V. PARAMETRIC AMPLIFICATION So far, we have treated the rf SQUID as a flux-tunable coupler between the two resonators. However, we can also interpret it as a flux-tunable inductance, parametrically modifying the eigenfrequency of the modes. Then, a harmonic flux drive applied in addition to the static flux allows for the study of parametric effects. Our experiments in this direction are inspired by analog experiments on Josephson parametric amplifier [29] [30] [31] and converter.
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In order to operate our device as a flux-driven amplifier, we apply an additional drive tone at ω D = 2Ω 1 to the input line. The drive tone periodically modulates the flux threading the SQUID loop and therefore the mode frequency, leading to parametric amplification. To characterize the performance of the resulting parametric amplifier, we calculate the power gain (G) as well as the bandwidth characterized by the full width half maximum ∆Ω of the amplified signals. 
VI. CONCLUSIONS
In conclusion, we present a flux-tunable coupling between two superconducting resonators based on an rf SQUID. Spectroscopically, we measure negative and positive couplings ranging from −320 MHz to 37 MHz. Furthermore, the observed suppression of the cross-transmission of up to 38.5 dB proves the ability to effectively turn off the coupling and is a significant improvement compared to previous work. 5, 6 With this performance, our coupler is considered a useful tool both for quantum computation, where a controlled nearest neighbor interaction is required and our coupler could be used to route information in a controllable way on a chip and for quantum simulation experiments, [16] [17] [18] 35, 36 where it could be useful not only to change the amplitude of the coupling constant but also its sign. 19 Finally, we investigate parametric amplification of the device and observe a nondegenerate gain as large as 20 dB. The authors acknowledge support from the German Research Foundation through SFB 631 and FE 1564/1-1, EU projects CCQED, PROMISCE and SCALE-QIT, the doctorate program ExQM of the Elite Network of Bavaria, Spanish MINECO Projects FIS2012-33022 and FIS2012-36673-C03-02, CAM Research Network QUITEMAD+, Basque Government IT472-10 and UPV/EHU UFI 11/55. E.S. acknowledges support from a TUM August-Wilhelm Scheer Visiting Professorship and hospitality of Walther-Meißner-Institut and TUM Institute for Advanced Study.
